Aims. We aim at unveiling the stellar content properties (ages, metallicities and extinctions) of quiescent galaxies, as well as how these galaxies evolved and assembled their stellar populations since z ∼ 1 up to the present days. Methods. Using the multi-filter photometric data from ALHAMBRA and the SED-fitting code MUFFIT, we built a complete catalogue of quiescent galaxies through the dust-corrected stellar mass-colour diagram. This catalogue includes stellar population properties, such as ages, metallicities, extinctions, stellar masses and photo z, which were retrieved using two sets of SSP models to construct composite models of stellar populations. We develop a novel methodology to provide, for the first time, the analytic probability distribution functions of mass-weighted ages, metallicities, and extinctions of quiescent galaxies as a function of redshift and stellar mass. In the analysis, we explore different assumptions for the SFH to discard potential systematics of the population synthesis models and the methodology embedded in MUFFIT.
Introduction
During the last decades many authors found that galaxies lie on two well differentiated groups or colour distributions (e. g. Bell et al. 2004; Baldry et al. 2004; Williams et al. 2009; Ilbert et al. 2010; Peng et al. 2010; Arnouts et al. 2013; Moresco et al. 2013; Fritz et al. 2014 ). This bimodality is usually linked to differences in their stellar content or related to differences in the evolutive pathways that built-up their structures. In this sense, red galaxies typically exhibit evolved stellar populations with low levels of star formation, for which they are usually referred as quiescent, passive or even sometimes "dead" galaxies. The formation and evolution of the so-called quiescent galaxies is still today a challenge, as these galaxies started to form stars at very early epochs, to later shut down their star formation by mechanisms that are still today matter of debate (Faber et al. 2007; Peng et al. 2010; Ilbert et al. 2013; Peng et al. 2015) . One of the most extended and promising approaches to determine the star formation history (SFH) of quiescent galaxies A&A proofs: manuscript no. ms Sánchez-Blázquez et al. 2009b; Choi et al. 2014; Gallazzi et al. 2014; Fagioli et al. 2016; Gargiulo et al. 2017; Siudek et al. 2017) . Whilst the "look-back" studies constitute a direct comparison of the galaxy evolution, any interpretation of the results is limited by the "progenitor" bias. This means that samples of galaxies at lower redshifts are not analogue to the ones at high redshift, because the arrival of new members at more recent epochs differs from the evolution of those at higher redshifts (e. g. studies involving morphological types van Dokkum & Franx 2001 ). In fact, recent studies point out that there is an increasing number of quiescent galaxies since z ∼ 3 that support an scenario in which quiescent galaxies are largely affected by the "progenitor" bias (e. g. Drory et al. 2009; Pozzetti et al. 2010; Ilbert et al. 2010; Cassata et al. 2011; Davidzon et al. 2013; Ilbert et al. 2013; Moustakas et al. 2013; Moresco et al. 2013; Tomczak et al. 2014 ). Other recent results advocate for a reduction in the number of massive star-forming galaxies (Bell et al. 2007; Davidzon et al. 2013; Ilbert et al. 2013; Moustakas et al. 2013) , which also explains the observational growth in size of massive quiescent galaxies (e. g. Shankar & Bernardi 2009; Belli et al. 2015; Fagioli et al. 2016; Gargiulo et al. 2017; McDermid et al. 2015; Williams et al. 2017 ) and the scatter in the red sequence (RS, Harker et al. 2006; Ruhland et al. 2009 ).
Some of these quiescent galaxies are really old (with ages close to the age of the Universe) and they would have suffered very efficient processes of star formation, and a subsequently fast quenching, because the sequence of quiescent galaxies is already in place at z ∼ 3 Ilbert et al. 2013) . Some authors have dedicated large efforts to study their evolution in a long period of time, amongst others, through the study of their star formation rates (Papovich et al. 2006; Martin et al. 2007; Zheng et al. 2007; Pérez-González et al. 2008; Damen et al. 2009 ), studying the evolution of their number density with cosmic time (Cimatti et al. 2006; Ferreras et al. 2009a,b; Ilbert et al. 2010; Pozzetti et al. 2010; Brammer et al. 2011; Ilbert et al. 2013; Moustakas et al. 2013) , or attempting to reconstruct their SFH by fossil record methods (Heavens et al. 2004 ; Thomas et al. 2005; Jimenez et al. 2007; McDermid et al. 2015; González Delgado et al. 2017) . Overall, there is good agreement on that the evolution of these galaxies strongly depends on the stellar mass (largely studied at low redshift, e. g. Ferreras & Silk 2000; Kauffmann et al. 2003; Gallazzi et al. 2005 ; Thomas et al. 2005; Sánchez-Blázquez et al. 2006; Jimenez et al. 2007; Kaviraj et al. 2007; Panter et al. 2008; Vergani et al. 2008; Ferreras et al. 2009a,c; de La Rosa et al. 2011; González Delgado et al. 2014b; Peng et al. 2015) and more slightly on the environment or morphology (e. g. Thomas et al. 2005; Ferreras et al. 2006; Rogers et al. 2010; La Barbera et al. 2014; González Delgado et al. 2015; McDermid et al. 2015; González Delgado et al. 2017) . In this sense, the more massive galaxies were formed at earlier epochs owing to a more efficient and quicker process of star formation, commonly called "downsizing" scenario (Cowie et al. 1996) . In addition, there is good agreement on that there is also a tight correlation between the gas-phase metallicity and the stellar mass (e. g. Tremonti et al. 2004; Savaglio et al. 2005; Erb et al. 2006 ; Lee et al. 2006 ) that can be also extended to the total stellar metallicity of galaxies (Gallazzi et al. 2005 (Gallazzi et al. , 2014 González Delgado et al. 2014a; Peng et al. 2015) . Nevertheless, some authors point out that there are more relevant parameters than stellar mass driving the stellar populations of galaxies, as the stellar surface density (Kauffmann et al. 2003; Franx et al. 2008) or the velocity dispersion (Trager et al. 2000; Gallazzi et al. 2006; Graves & Faber 2010; Cappellari et al. 2013) .
Although strong star formation processes are widely accepted to be the most relevant events to contribute to the galaxy assembly, observations suggest that other mechanisms, such as mergers, can also contribute significantly into this process (see e. g. Toomre 1977; Schweizer & Seitzer 1992; Barnes & Hernquist 1996; Trager et al. 2000; Benson et al. 2003; Croton et al. 2006; Khochfar & Silk 2006; Somerville et al. 2008; Hopkins et al. 2008; Ferreras et al. 2009a; Hopkins et al. 2009; van der Wel et al. 2009; Skelton et al. 2012; López-Sanjuan et al. 2013; Ferreras et al. 2014) . Once the star formation is quenched or strongly reduced, these mechanisms may be important drivers on the galaxy evolution. A detailed analysis of the stellar content of quiescent galaxies can unveil which are these likely mechanisms, as well as how galaxies evolve once they slow down or quench their star formation processes. In fact, the evolution of median values of stellar population properties is clearly relevant, but also the intrinsic dispersions of these values, which can be tightly related to mechanisms modifying the stellar content of galaxies. At this respect, simultaneously exploring all the aspects related to the shape of the distributions of parameters, such as the median and the width, can be the key to unveil this issue.
In this context, the state-of-the-art multi-filter surveys, e. g COMBO-17 (Wolf et al. 2003) , MUSYC (Gawiser et al. 2006) , COSMOS (Scoville et al. 2007 ), ALHAMBRA (Moles et al. 2008) , CLASH (Postman et al. 2012) , SHARDS (Pérez-González et al. 2013 ), J-PAS ) and J-PLUS (Cenarro et al., in prep.) , can provide an alternative way for exploring the stellar content of galaxies through SED-fitting techniques (Mathis et al. 2006; Koleva et al. 2008; Walcher et al. 2011; Díaz-García et al. 2015; Ruiz-Lara et al. 2015) beyond the present day Universe. These photometric surveys, usually deeper than spectroscopy, can easily reach galaxies at intermediate redshifts (z ∼ 1-2). This allows us to set milestones on the assembly of the stellar content of quiescent galaxies, offering a more continuous point of view of the building up of a galaxy population than the fossil record methods applied to only nearby galaxies, as they offer a sequence of "pictures" along the cosmic time. Noteworthy, multi-filter photometric surveys combining narrow and medium bands, sometimes called spectrophotometry, offer remarkable advantages in the topic of galaxy formation and evolution: (i) There is no sampling bias other than the photometric depth of the detection band. (ii) Independent photometric calibration of each band. (iii) The photometric depth is usually much deeper than spectroscopic surveys with similar telescopes. (iv) Photometry is not affected by aperture bias, as dynamical apertures are used to collect all the flux from the sources. (v) Large scale multi-filter surveys provide a photospectrum for each pixel of the sky, which can be very fruitful to bidimensionally explore spatially resolved sources (Ferreras et al. 2005; San Roman et al. 2017) . (vi) Large samples of galaxies in a wide redshift range that allows to perform unbiased statistical studies, in which uncertainty effects can be mitigated owing to the large number of objects.
This work is part of a series of papers in which our goal is to improve our understanding of quiescent galaxies since z ∼ 1, with the ultimate goal of providing a general picture about the formation and evolution of quiescent galaxies making use of multiple observables (e. g. number densities, stellar population properties, and sizes). In this paper, we study the stellar content of quiescent galaxies from the ALHAMBRA multi-filter survey to constrain their properties, but also to set limits in the range of values that they present. For the first time, we build the probability distribution functions (PDF) of ages, metallicities, and extinctions of quiescent galaxies since z ∼ 1, as well as we include their number densities in our analysis to provide a general picture of how these galaxies evolve once their star formation is quenched. This is an opportunity to explore alternative mechanisms, e. g. as a result of their closest environment or by mergers, modifying the stellar content of galaxies that may remain unnoticed under an efficient in-situ star formation of the host galaxy.
This paper is structured as follows. In Sect. 2, we briefly explain the selection of the quiescent galaxy population from the ALHAMBRA survey, as well as basic details of the ALHAM-BRA data, SED-fitting techniques and the main ingredients to determine the stellar population properties involved in this work. Number densities of quiescent galaxies from ALHAMBRA are presented in Sect. 3. The main results of this work, that is, the stellar content of quiescent galaxies since z ∼ 1 and its evolution with redshift are detailed in Sect. 4. The influence on the results of different SFH assumptions is presented in Sect. 5. Finally, we discuss and summarize our results in Sects. 6 and 7, respectively.
Throughout this work we assume a ΛCDM cosmology with
, Ω M = 0.27, and Ω Λ = 0.73. The stellar masses are given in solar mass units [M ⊙ ] and magnitudes in AB-system (Oke & Gunn 1983) .
The sample of quiescent galaxies
Our parent catalogue is the sample of quiescent galaxies published by Díaz-García et al. (2017, hereafter DG17) . This catalogue is complete in stellar mass and in magnitude down to I = 23 and it contains ∼ 8 500 quiescent galaxies from the multifilter ALHAMBRA survey 1 at redshift 0.1 ≤ z ≤ 1.1. To select quiescent galaxies, DG17 performed a dust-corrected stellar mass-colour diagram (MCDE) of a general sample of ∼ 90 000 galaxies, as it demonstrated to be a reliable diagram to substantially reduce the contamination of dusty star-forming galaxies (details in DG17). The DG17 catalogue includes stellar population properties, which were retrieved using different SSP models via SED-fitting, such as: mass-and luminosity-weighted ages and metallicities, stellar masses, extinctions, photo-z, rest-frame luminosities, colours corrected for extinction, and uncertainties of the parameters. Below, we briefly detail the main features of the ALHAMBRA data (Sect. 2.1) and the methodology used to retrieve the stellar population properties of quiescent galaxies (Sect. 2.2) using the ALHAMBRA dataset.
The ALHAMBRA photometric data
The ALHAMBRA survey provides fluxes in 23 photometric bands 2 (Coe et al. 2006, PSF corrected) , 20 in the optical range λλ 3500-9700 Å (top hat medium band filters, FWHM ∼ 300 Å, overlapping close to zero between contiguous bands; see Aparicio Villegas et al. 2010 ) and 3 at the NIR regime λλ 1.0-2.3 µm (J, H, and K s bands; further details in Cristóbal-Hornillos et al. 2009 ), for each source in 7 noncontiguous fields along the northern hemisphere. The current effective area of the survey is ∼ 2.8 deg ) in the NIR regime. The reference catalogue of photometry used in this work was the ALHAMBRA Gold catalogue 6 (Molino et al. 2014 ) that contains ∼ 95 000 galaxies imaged in 20 + 3 optical and NIR bands, respectively. This catalogue provided accurate enough photometry (non-fixed aperture) as to develop stellar population studies of galaxies (Díaz-García et al. 2015) , supplemented with precise photo-z predictions (σ z ∼ 0.012), down to I = 23.
Stellar population properties of quiescent galaxies
In order to retrieve the stellar population parameters of quiescent galaxies in the catalogue by DG17, we ran the code MUFFIT (Díaz-García et al. 2015) , as this code has been demonstrated to be a reliable tool for exploring the stellar content of galaxies from multi-filter photometric data (Díaz-García et al. 2015) . MUFFIT was fed with different SSP model sets to construct composite models of stellar populations (mixtures of two SSPs), allowing us to assess potential systematics caused by the varying model prescriptions in these sets. Bruzual & Charlot (2003) SSP models (hereafter BC03; Padova 1994 tracks, ages from 0.06 to 14 Gyr, and metallicities [M/H] = −1.65, −0.64, −0.33, 0.09, 0.55) were included in the analysis with a Chabrier (2003) initial mass function to constrain the stellar population properties of galaxies. In addition, EMILES 7 SSP models (λλ 1 680 Å-5 µm; Vazdekis et al. 2016) , i. e. the UV and NIR extension of MIUSCAT models (Vazdekis et al. 2003 (Vazdekis et al. , 2010 (Vazdekis et al. , 2012 , were also used to determine stellar population parameters of AL-HAMBRA galaxies. For EMILES, the two sets of theoretical isochrones were taken into account: the scaled-solar isochrones of Girardi et al. (2000, hereafter (Kroupa 2001) . Notice that as shown by DG17, stellar masses of quiescent galaxies retrieved through MUFFIT and EMILES SSP models are systematically larger, ∼ 0.1 dex, than the BC03 ones. For the whole set of SSP models, extinctions were added as a foreground screen to the SSPs with values in the range A V = 0.0-3.1 following the extinction law of Fitzpatrick (1999) and assuming a constant value of R V = 3.1.
Discrepancies between luminosity-and mass-weighted parameters from composite stellar population models can be particularly relevant (Ferreras & Yi 2004; Serra & Trager 2007; Rogers et al. 2010) . Throughout this work, the mass-weighted ages and metallicities (Age M and [M/H] M , respectively) are preferred to the luminosity ones. The mass-weighted parameters are more physically motivated and representative of the total stellar content of the galaxy. Moreover, mass-weighted properties are not linked to a definition of luminosity weight, which may differ amongst different studies. However, luminosity-weighted parameters are also estimated. Lookback times were established following the recipes by Hogg (1999) . Hereafter, we define the formation epoch as the sum of the mass-weighted age and lookback time (Age M + t LB ).
A&A proofs: manuscript no. ms
Number density of quiescent galaxies
Comoving number densities, ρ N , can be a powerful tool to set constraints on the evolution of quiescent galaxies, as well as to provide hints about the characteristic time scales of the processes involved. To derive the number density of our sample, we made use of the 1/V max formalism (Schmidt 1968) in the subsamples that are complete in stellar mass (see DG17 for details). The errors of ρ N are estimated by the error propagation of the 1/V max method, that is associated with Poisson errors (in accordance with similar previous assumptions, e. g. Marshall 1985; Ilbert et al. 2005) . It is worth mentioning that additional uncertainties owing to cosmic variance are also included in the error budget (see also López-Sanjuan et al. 2015) , for which we followed the recipe detailed by Moster et al. (2011) . Our estimations point out that the relative cosmic variance for ALHAM-BRA is only a 5-7 % fraction.
The evolution of the number density of quiescent galaxies is summarised in Table 1 and illustrated in Fig. 1 (coloured dots) . We found that there is a generalised lack of galaxies at z ∼ 0.6, which is independent of the stellar mass and more noticeable for BC03 SSP models. In order to ensure that this lack of galaxies is not a systematic or bias effect introduced by our techniques, we checked that the number density of the whole population of galaxies in ALHAMBRA also present a lack of galaxies. To support this idea and as sanity check, we studied the distribution of photo-z provided by the parent Gold catalogue instead of the one provided by MUFFIT, and those provided making use of other independent photo-z codes: EAZY (Brammer et al. 2008) and LePHARE (Arnouts et al. 2002; Ilbert et al. 2006) . For EAZY, we allowed the combination of its default templates; whereas for LePHARE we chose the COSMOS SED templates, which include dust extinction. Similarly to BPZ (Benítez 2000) , both codes can apply constraints on the redshift distribution during the χ 2 fitting procedure, which has demonstrated to improve the photo-z predictions (e. g. Benítez 2000; Ilbert et al. 2006; Brammer et al. 2008) . We therefore assumed the default priors of each code: for EAZY the prior is on the R band, and for LeP-HARE on I. After running EAZY and LePHARE, the retrieved photo-z distributions are analysed separately for quiescent and star-forming galaxies, in order to discard that the galaxy deficit in the distribution is not driven by a selection bias either. The photo-z distribution for our quiescent sample, see left panels in Fig. 2 , shows a remarkable agreement amongst the three different photo-z codes. In fact, the three codes find a prominent lack of galaxies at 0.5 < z < 0.7 (see grey region in Fig. 2) , and the rest of structures are also similar independently of the code used. Regarding the star-forming photo-z distribution, right panels in Fig. 2 , there are little discrepancies amongst the output codes. At 0.5 < z < 0.7 and star-forming galaxies, BPZ2.0 and EAZY also retrieve a lack of galaxies. For the LePHARE case, this decrement in number may be restricted at only 0.5 < z < 0.6 but it also exists. Consequently, the lack of red galaxies at 0.5 < z < 0.7 is real and it is not associated to MUFFIT systematics or a biased selection. This shows that even though ALHAMBRA comprises seven uncorrelated fields on the sky, some large scale structures are still noticeable in this survey.
The number density trends are quantified through a redshiftdependent power-law function (solid lines in Fig. 1 ) of the form:
For the different stellar mass bins, we provide the values ρ 0 and γ that best fit our number density values in Table 2 (all the number .7 ≤ log 10 M⋆ < 10.1 10.1 ≤ log 10 M⋆ < 10.5 10.5 ≤ log 10 M⋆ < 10.9 10.9 ≤ log 10 M⋆ < 11.3 log 10 M⋆ ≥ 11.3 Fig. 1 . Evolution of the number density (Y-axis) of quiescent galaxies in ALHAMBRA with redshift (X-axis), for different stellar mass bins (see inner-panels). Coloured dots illustrate number densities when using a 1/V max formalism, whereas solid lines show the best-fit to Eq. (1). From top to bottom, number densities obtained from BC03, EMILES+BaSTI, and EMILES+Padova00 SSP models. Over-plotted, we show the evolution on the number density of massive quiescent galaxies, log 10 M ⋆ ≥ 11, with redshift from the previous work of Pozzetti et al. (2010, dashed line) , Moresco et al. (2013, dotted line) , and Moustakas et al. (2013, dash-dot line) . In all cases, the number densities at the 0.5<z<0.7 bin are excluded from the fit as explained in the text.
density estimations at 0.5 ≤ z < 0.7 were removed from the fit).
From Fig. 1 , we summarize three remarkable results:
• The number density evolution is well fitted by the power-law function in Eq. (1).
• There is a general trend in which the number density of quiescent galaxies increases with time up to the present.
• At decreasing stellar mass, quiescent galaxies show a more prominent growth in number density. Thus, less massive qui- −3 ], for the quiescent galaxies in our sample as a function of stellar mass and redshift.
0.1 ≤ z < 0.3 0.3 ≤ z < 0.5 0.5 ≤ z < 0.7 0.7 ≤ z < 0.9 0.9 ≤ z ≤ 1.1 BC03 9.6 ≤ log 10 M ⋆ < 10.0 −2.75 ± 0.04 ----10.0 ≤ log 10 M ⋆ < 10.4 −2.57 ± 0.04 −2.71 ± 0.03 ---10.4 ≤ log 10 M ⋆ < 10.8 −2.60 ± 0.04 −2.69 ± 0.03 −2.93 ± 0.03 --10.8 ≤ log 10 M ⋆ < 11.2 −2.83 ± 0.04 −2.88 ± 0.03 −3.06 ± 0.03 −2.95 ± 0.02 -log 10 M ⋆ ≥ 11.2 −3.50 ± 0.08 −3.56 ± 0.05 −3.77 ± 0.05 −3.57 ± 0.04 −3.60 ± 0.04 BaSTI 9.7 ≤ log 10 M ⋆ < 10.1 −2.74 ± 0.04 ----10.1 ≤ log 10 M ⋆ < 10.5 −2.61 ± 0.04 −2.76 ± 0.03 ---10.5 ≤ log 10 M ⋆ < 10.9 −2.63 ± 0.04 −2.73 ± 0.03 −2.94 ± 0.03 --10.9 ≤ log 10 M ⋆ < 11.3 −2.82 ± 0.05 −2.85 ± 0.04 −3.03 ± 0.03 −3.02 ± 0.03 -log 10 M ⋆ ≥ 11.3 −3.42 ± 0.07 −3.46 ± 0.05 −3.62 ± 0.04 −3.59 ± 0.04 −3.67 ± 0.04 Padova00 9.7 ≤ log 10 M ⋆ < 10.1 −2.77 ± 0.04 ----10.1 ≤ log 10 M ⋆ < 10.5 −2.58 ± 0.04 −2.76 ± 0.03 ---10.5 ≤ log 10 M ⋆ < 10.9 −2.63 ± 0.04 −2.73 ± 0.03 −2.95 ± 0.03 --10.9 ≤ log 10 M ⋆ < 11.3 −2.83 ± 0.05 −2.86 ± 0.04 −3.03 ± 0.03 −3.04 ± 0.03 -log 10 M ⋆ ≥ 11.3 −3.40 ± 0.07 −3.44 ± 0.05 −3.54 ± 0.04 −3.58 ± 0.04 −3.68 ± 0.04
Notes. From top to bottom, number densities obtained for BC03, EMILES+BaSTI, and EMILES+Padova00 SSP models. These values were measured through the 1/V max formalism of each bin. All the bins are complete in stellar mass, C = 0.95, otherwise appear dashed. As detailed in Díaz-García et al. (2017) , there is a systematic shift of ∼ 0.1 dex between the stellar masses of quiescent galaxies using BC03 and EMILES SSP models. All the values were obtained setting h = 1. Notes. There is no ρ 0 and γ fitting values for the lowest stellar mass bin, 9.6 ≤ log 10 M ⋆ < 10, because this subsample is only available at the lowest redshift bin, 0.1 ≤ z < 0.3. All the values were obtained setting h = 1. escent galaxies present larger γ values pointing out to a larger evolution in number than the massive counterpart.
The least massive bin in our sample (9.6 ≤ log 10 M ⋆ < 10.0, dark blue dots in Fig. 1 ) greatly reflects the stellar mass range in which the stellar mass function of quiescent galaxies present a local minimum or valley (Drory et al. 2009; Tomczak et al. 2014) , but owing to completeness reasons we cannot stablish the variation on its number density. For larger galaxy masses, our fits establish that the number density of quiescent galaxies ρ N (z) grows in average ∼ 52, 30, 20, 12 % (from the 10.0 ≤ log 10 M ⋆ < 10.4 bin to the log 10 M ⋆ > 11.2 bin, respectively) between z = 0.4 and z = 0.2 (see Table 2 ). Therefore, at decreasing stellar mass the step growth in number is higher for quiescent galaxies since z ∼ 1. It is noticeable that the number densities retrieved using EMILES show slightly larger variations than the BC03 ones, which illustrates the dependence of ρ N (z) with the SSP model set used. Ilbert et al. (2013) reported that quiescent galaxies of log 10 M ⋆ > 11.2 dex, suffer a rapid and efficient increase in number at 1 < z < 3. However, these galaxies do not exhibit a prominent evolution since z ∼ 1, where the great number density variations of quenched galaxies are more focused on the less massive systems (also observed by e. g. Davidzon et al. 2013) , in agreement with our results (see Table 2 ). Ferreras et al. (2005 Ferreras et al. ( , 2009a performed an analysis of morphologically-selected earlytype galaxies (ETGs) in the GOODS fields, finding a substantial difference between the comoving number density of massive ETGs and their lower mass counterparts. Between z = 0.6 and 1, the number density of ETGs was found to decrease only by a factor of 0.25 dex for log 10 M ⋆ > 11, and it was even compatible with no evolution at the most massive end (log 10 M ⋆ > 11.5, see also Ferreras et al. 2009b ). In the work by Pozzetti et al. (2010) , the authors found that the number density evolution of quiescent galaxies (log 10 M ⋆ > 11) is not significant, ∼ 0.1 dex, since z ∼ 0.85 up to z ∼ 0.25; while in our work this variation is ∼ 0.12-0.25 dex. Moresco et al. (2013) retrieved that the num- . Photometric-redshift distributions and cumulative distributions function (CDF) of quiescent (left panels) and star-forming (right panels) galaxies galaxies from the ALHAMBRA Gold catalogue down to 0.1 ≤ z ≤ 1.5 using the codes BPZ2.0, EAZY, and LePHARE. To guide the eye, grey area encloses the redshift bin 0.5 ≤ z ≤ 0.7.
ber of quiescent galaxies (log 10 M ⋆ ∼ 10.5) increases by ∼ 80 % between z ∼ 0.65 and z ∼ 0.2, compatible with ours (60-75 %), and the massive ones (log 10 M ⋆ > 11) were compatible with no evolution. With a different selection criteria, Moustakas et al. (2013) found out that quiescent galaxies in the mass range 10.0 < log 10 M ⋆ < 10.5 increase a 60 ± 20 % fraction between z ∼ 0.6 and z ∼ 0.2; for 10.5 < log 10 M ⋆ < 11.0 around 40±10 % between z = 0.8 and z = 0.2 , and for 11.0 < log 10 M ⋆ < 11.5 the increment is 20 ± 10 % at z = 0.2-1.0. For the same redshift and stellar mass bins than Moustakas et al. (2013) , we obtained number density variations of 90 ±40 %, 60 ±20 %, 40 ±20 % using BC03 predictions (larger using EMILES), respectively, that is, a slight larger evolution of the number density but both results being close to an agreement once the uncertainties are accounted for. In Fig. 1 , we illustrate the number density for the most massive bin, log 10 M ⋆ > 11.2, in this research along with those mentioned above. Note that in our work, we removed dusty star-forming galaxies from the sample of quiescent galaxies by the MCDE, which differs from the selections of previous studies.
The stellar populations of quiescent galaxies since z ∼ 1
This section includes the main results of this research, that is, the evolution of the stellar population properties of quiescent galaxies during the last 8 Gyr. For this aim, we build, for the first time, analytic PDFs of the properties of quiescent galaxies since z ∼ 1 (Sect. 4.1). Finally, we detail changes in the stellar content of quiescent galaxies, making use of the redshift dependent PDFs of mass-weighted ages (Sect. 4.2), metallicities (Sect. 4.3), and extinctions (Sect. 4.4). Notice that in the analysis, we included the SSP sets of BC03, EMILES with both BaSTI and Padova00 isochrones to explore potential systematics from the use of different models.
Probability distribution functions of stellar population parameters
Our sample contains quiescent galaxies in a wide redshift range, where uncertainties on the stellar population parameters also depend on redshift. In addition, certain ranges of stellar-population parameters are intrinsically more subject to SED-fitting errors (see fig. 11 in Díaz-García et al. 2015) , usually related to the well known degeneracies amongst parameters (e. g. the agemetallicity degeneracy, Peletier 2013; Díaz-García et al. 2015) .
To illustrate this, the median of the age, metallicity, and extinction uncertainties obtained by MUFFIT and the ALHAMBRA dataset is shown in Fig. 3 . In our sample, quiescent galaxies at higher redshifts exhibit lower age uncertainties (see first panel in Fig. 3 ). In fact, this behaviour was also observed using simulations (Díaz-García et al. 2015) and it is a consequence of the age range of SSP models at larger redshifts (they cannot be much larger than the age of the Universe) and because a wider wavelength range of the rest-frame NUV regime is observed. However, relative errors of ages are larger at increasing redshift. On the other hand, metallicity and extinction uncertainties are larger at increasing redshift, with a slighter dependence for the latter (see second and third panels in Fig. 3 , respectively). Consequently, uncertainties are able to alter the distributions of stellar population parameters in a different level at different redshift. This fact makes difficult both, a direct comparison amongst the distribution of the stellar-population parameters at different redshifts, and a precise reconstruction of the intrinsic distribution shape without noise effects. We deal with this fact performing a maximum likelihood estimator method (MLE) to remove uncertainty effects and build PDFs of the involved stellar population properties of the quiescent galaxy population (not individual galaxies): mass-weighted ages, metallicities and extinctions. In particular, we adapted the MLE methodology developed by López-Sanjuan et al. (2014) , also used in DG17, to remove observational errors from the intrinsic distributions at different stellar mass ranges. In practise, this method is equivalent to deconvolving uncertainties from the observed distributions and it constrains the most likely set of parameter values that maximizes the probability distributions describing our sample. As a result, we obtain a set of functional and analytical distributions fitted by log-normal distributions properly, that we re-normalize with their number densities (see Sect. 3) in order to build, for the first time, their PDFs. For further details of the whole process to obtain the PDFs of the stellar population parameters and its parametrization, we refer readers to Appendix A.
In Fig. 4 , we illustrate the PDFs of mass-weighted formation epochs, ages, metallicities, and extinctions for the quiescent galaxy population using MUFFIT and BC03 SSP models with the ALHAMBRA data. Notice that we do not provide the redshift-dependent PDFs for quiescent galaxies at log 10 M ⋆ < 10.1, because the reliability of the MLE method is compromised owing to the low number of sources. Instead, and only for the least massive case, we applied the MLE method assuming a nonredshift dependence of the PDF parameters (i. e. µ 2 = µ 1 = σ 2 = σ 1 = 0, details in Appendix A), to set the average values of the median and width of the stellar population parameter distributions in the redshift bin 0.1 ≤ z < 0.3 (see values in Tables 3-5) .
In the following, to detail the evolution of the PDFs with redshift, we focus on the evolution of their medians and widths. For this work, we define the width of the PDF as the difference between the 84 th and 16 th percentiles. Note that the width of the PDFs at this point is the intrinsic dispersion of stellar population properties of the quiescent galaxy population, meaning, these are not a result of uncertainty effects. However, there are uncertainties related to the MLE methodology that also yield uncertainties in the medians and widths. Consequently, these effects were also included in the analysis. We treat the detailed analysis of each PDF (mass-weighted formation epoch, age, metallicity, and extinction) more intensively in the subsequent Sects. 4.2, 4.3 and 4.4, respectively.
Ages and formation epochs
Our results evidence that the medians of the mass-weighted age and formation epoch PDFs are correlated with the stellar mass of quiescent galaxies, showing systematic variations that depend on the stellar mass (see Table 3 and top panels in Figs. 5 and 6). More massive quiescent galaxies present a larger stellar content of older stars than the less massive quiescent systems, which are preferentially formed at more recent epochs showing younger stellar populations on average. In this sense, the formation epoch and age PDFs built from the results provided by MUFFIT using the ALHAMBRA dataset also agree with the "downsizing" scenario. In fact, the redshift coverage and wide mass range of galaxies in our sample allow us to track back the "downsizing" scenario of quiescent galaxies further than the present day Universe (up to z ∼ 1.0).
Regarding the mass-weighted ages, see Fig. 5 and Table 3 , the quiescent population presents older stellar populations at A&A proofs: manuscript no. ms . From left to right, probability distribution functions (PDF) of mass-weighted ages, formation epochs, metallicities, and extinctions derived from the MLE (details in the text) for the quiescent galaxy population and BC03 SSP models at different redshift bins and stellar masses (see colours in legend). Square-shape markers set the median of the distributions. Dashed coloured lines illustrate the median of the distributions at the lowest redshift bin (z = 0.2) for comparison. All the distributions correspond to the ranges in which our sample is complete in stellar mass.
lower redshifts independently of the stellar mass bin, as expected for passive or quenched systems. The mass-weighted ages retrieved from the model set of EMILES are older than the ones obtained for BC03. These differences can reach up to 2-3 Gyr (BaSTI) and 1.5-2 Gyr (Padova00) at z = 0.2 in comparison with the results for BC03. It is worth noting that BaSTI isochrones provide ages older than those from Padova00, as the BASTI isochrones are bluer than the Padova00 ones (Vazdekis et al. 2016 ).
On the other hand, if quiescent galaxies had passively evolved since they entered in the quiescent phase, the redshift at which the stellar mass was assembled would not present any variation (i. e. the formation redshift, z f , would be constant) at fixed stellar mass and the median in Fig. 6 would be constant. The median of the formation epoch PDFs of quiescent galaxies exhibits a continuous and general decrement towards lower redshifts for all the stellar masses and SSP models used in this work. For the most massive case, log 10 M ⋆ ≥ 11.2 which extends in the largest redshift range, the formation epoch at z ∼ 1.0 is ∼ 12-13 Gyr (equivalent to a formation redshift of z f ∼ 4.5-6), whereas at z = 0.2 the median decreases up to ∼ 9-11 Gyr (i. e. at a formation redshift of z f ∼ 1.5-3) depending of the population synthesis model used. At lower stellar masses, the variation of the formation epochs is more pronounced. The deviation from passiveness is more remarkable for BC03, whereas for EMILES the BaSTI isochrones provide predictions closer to a passive evolution. This constitutes an indication that, as expected, there is a strong dependence of the absolute values of the age on the SSP model set, at least when these ages are retrieved using SED-fitting techniques based on colours.
The width of the mass-weighted age and formation epoch PDFs (bottom panels in Figs. 5 and 6 and Table 3) exhibit similar width values fairly constrained in the range ∼ 1-2 Gyr, where the preferred or likely value is close to 1.6 Gyr. Only in the most massive bin for the BC03 SSP model case, the most massive bin (log 10 M ⋆ ≥ 11.2) slightly exhibits a more prominent difference with the rest of masses, with width values larger than ∼ 1.8 Gyr. Using EMILES and BaSTI isochrones, the width of the massweighted age PDFs does not present a great dependence with the stellar mass of quiescent galaxies. For the EMILES+Padova00 case, we retrieved the same trend except for a stellar mass range, 10.1 ≤ log 10 M ⋆ < 10.5, for which the PDFs are wider (see right panels in Figs. 5 and 6), although these differences are mild.
Our results point out that the evolution with redshift of the widths of the age/formation epoch PDFs is mild. For the massive case, log 10 M ⋆ > 11.2, the widths of the mass-weighted age/formation epoch PDFs increase at larger cosmic times, with values in the range ω Age M ∼ 1-2.5 Gyr, independently of the model used. After comparing the results obtained for BC03 and EMILES, both model results show similar width ranges (σ int Age M ∼ 1-2 Gyr), but for the BC03 ones the evolution of the widths of mass-weighted age and formation epoch PDFs at log 10 M ⋆ < 11.2 slightly changes with stellar mass. For EMILES, we do not find any evidence for a remarkable evolution of the widths of mass-weighted age and formation epoch PDFs either, but these ones exhibit the same trend with redshift irrespectively of the stellar mass range.
Evolution of the metal content
The metal content in quiescent galaxies also contributes to understand how these galaxies were formed and how they have evolved since they quenched their star formation. Both the median and width of the mass-weighted metallicity PDFs, see Fig. 7 and Table 4 , shed light on the amount of metals that quiescent galaxies typically present and its evolution since z ∼ 1.
From the results in Fig. 7 and Table 4 , it is immediate to infer that there is a clear correlation between stellar mass and metallicity. At any redshift, the larger the galaxy mass, the larger the metal content. This relation is usually referred as the stellar mass-metallicity relation (MZR, with distinction between the gas-phase metallicity and the total stellar metallicity of galaxies), which has been observed in previous and recent studies (sometimes without distinguishing between quiescent and star forming galaxies). Our results agree with the MZR and confirm that this relation also exists for pure quiescent galaxies, at least since z ∼ 1. In addition, our results point out that the MZR of quiescent galaxies is present not only at low redshift but also at earlier times in the Universe. In general, quiescent galaxies present median metallicities around solar and super-solar values. Only the least massive galaxies at the lowest redshift in our sample exhibit sub-solar metallicities in average. In the light of Fig. 7 and Table 4 , there are also quantitative discrepancies between metallicity predictions from the use of different SSP models, and these are more striking for metallicity than for the rest of stellar population properties. In brief, BC03 models predict quiescent galaxies that are typically more rich in metals than those in EMILES models (see Table 4 ) at any redshift, where BaSTI isochrones provide larger metallicities than the Padova00 ones.
For both BC03 and EMILES, the median of the massweighted metallicity PDF also exhibits a dependence with redshift (see top panels in Fig. 7 and Table 4 ). In particular for BC03 SSP models, we find that median metallicity increases from the earliest times up to a certain redshift, reaching a maximum, after which the metallicity decreases again up to the present time (see left panels in Fig. 7 ). For instance, for galaxies with log 10 M ⋆ ≥ 10.8, there is an increase of their [M/H] ∼ 0.2 dex at z ∼ 0.60-0.65, to subsequently decrease reaching solar metallicity values at z = 0.1. Interestingly, this peak matches with the redshift range in which we report a lack of quiescent galaxies in ALHAMBRA owing to cosmic variance (see Sect. 3 and Fig. 1 ), which is more prominent for BC03 than for EMILES. For lower stellar masses, log 10 M ⋆ < 10.8, there is also a general tendency in which the median metallicity increases by ∆[M/H] 50th M ∼ 0.25 dex from z = 0.1 up to z ∼ 0.55. There is also evidence of a decrease in the median of the mass-weighted metallicity PDF of quiescent galaxies since z ∼ 1 when using EMILES SSP models. Nevertheless, there are no hints for a maximum in metallicity as the obtained for BC03 SSP models when EMILES SSP models are used during the MUFFIT SED-fitting analysis. In addition, the metallicity variations with redshift retrieved with EMILES are milder than those obtained with BC03. Instead, there is evidence of a continuous decrease in the median of the mass-weighted metallicity PDF of quiescent galaxies since z ∼ 1. This behaviour is intrinsic to the whole quiescent population and independent of the stellar mass. However, this decrease is steeper at decreasing stellar mass, which would suggest that the slope of the MZR for quiescent galaxies varies with redshift. For quiescent galaxies of log 10 M ⋆ ≥ 10.8, the median of the metallicity PDF shows larger variations for the BaSTI
Regarding the width of the metallicity PDFs (bottom panels in Fig. 7 and Table 4), there is evidence that the metallicity distributions of quiescent galaxies are typically wider at lower mass regimes, whereas for the more massive ones the range of metallicity values is narrower. The less massive bins (log 10 M ⋆ < 10.9) present widths in the range ω [M/H] M ∼ 0.3-0.5 dex up to z ∼ 0.5; whereas for log 10 M ⋆ ≥ 10.9, these are mainly lower with values ω [M/H] M 0.3 dex. Nevertheless, for quiescent galaxies of log 10 M ⋆ ≥ 10.9, there are discrepancies down to 0.2 dex between the widths of the mass-weighted metallicity PDFs retrieved using BC03 and EMILES SSP models. While for BC03 these ones present a more relevant evolution with redshift, for EMILES they present a roughly constant width of ω [M/H] M ∼ 0.3 dex, with a slight dependence with redshift. In addition, the BC03 metallicity results show that the evolution of the metallicity width is independent of the stellar mass of quiescent galaxies, whereas the EMILES ones point out a dependence with stellar mass.
The extinction in the quiescent population
Overall, the extinction PDFs of quiescent galaxies derived in this research, see Fig. 8 and Table 5 , show predominant low values (A V 0.6) irrespectively of the stellar mass or redshift. Indeed, the median extinctions for all the stellar masses and redshifts do not exceed the value A 50th V = 0.3. From top panels in Fig. 8 , we infer a very subtle relation between the stellar mass and the extinction of quiescent galaxies with differences of ∆A 50th V < 0.1 when using BC03 SSP models. For EMILES, we do not appreciate significant differences in the medians of the extinction PDFs amongst the stellar mass bins of quiescent galaxies (see middle and right panels in Fig. 8 and Table 5 ), where all the values retrieved are compatible at a 1 σ confidence level for both BaSTI and Padova00 results. Independently of the SSP model set used in this work, the medians of extinction PDFs range values of A 50th V ∼ 0.15-0.30 up to z = 1.1. We also find out that there is a subtle inArticle number, page 9 of 32 A&A proofs: manuscript no. ms The stellar content of quiescent galaxies since z ∼ 1 Table 3 . Medians of the mass-weighted age and formation epoch PDFs for quiescent galaxies, binned in stellar mass and redshift using BC03, EMILES+BaSTI, and EMILES+Padova00 SSP models. Top (bottom) numbers stablish the 84 th (16 th ) percentile for each distribution. Notes. All the bins are complete in stellar mass, C = 0.95, otherwise appear dashed. For the 9.6 ≤ log 10 M ⋆ < 10.0 case, these values were obtained by the MLE methodology assuming µ 2 = µ 1 = σ 2 = σ 1 = 0 owing to the low number of galaxies.
A&A proofs: manuscript no. ms [ The stellar content of quiescent galaxies since z ∼ 1 crement of extinction for the less massive bins in our sample (log 10 M ⋆ ≤ 10.8) at decreasing redshifts. On the other hand, quiescent galaxies with log 10 M ⋆ ≥ 10.8 show that the median extinction remains constant A 50th V ∼ 0.2 for EMILES results and in the range A 50th V ∼ 0.15-0.30 for the BC03 ones. Both BC03 and EMILES results point out that there may be mild discrepancies between the widths of the extinction PDFs at different stellar masses (see bottom panels in Fig. 8 and Table 5 ). In any case, these discrepancies amount width differences lower than 0.1. The lower the stellar mass, the larger the width of the PDF. At increasing redshift the widths of the extinction PDFs get higher for all the stellar mass ranges, where less massive quiescent galaxies present broader probability distributions. Note that for BC03 results at 0.1 ≤ z < 0.2 and log 10 M ⋆ ≥ 11.2, the assumption of linearity for σ int (z) and µ(z) in the extinction case is too strict, and we imposed σ
2) = 0.14 ± 0.03 and µ(0.1 ≤ z < 0.2) = µ(z = 0.2) = −1.30 ± 0.07 (details in Appendix A.1).
Constraints on the SFH
The large number of degrees of freedom involved in stellar population studies increases the difficulty of retrieving the stellar population parameters of galaxies. Frequently, many authors constrain some of them basing their assumptions on previous studies in order to reduce the uncertainties in the rest of parameters. In this section, we explore the consequences of several assumptions often used in the literature (e. g. constant solar metallicity or low extinction priors) on the stellar-population results retrieved in Sect. 4.
As three sets of SSPs with different recipes are involved, we study the consequences of different SFH assumptions on the results of each SSP model set separately. The impact of these SFH assumptions was determined redoing the MUFFIT analysis with all the galaxies from the ALHAMBRA survey, and repeating the selection of the quiescent sample (except in some cases, details below) as described in Sect. 2 for each model set, but with the SFH constraints detailed below: i) Constant values of extinction. Under this constraint, we assume that all the quiescent galaxies present similar extinction values, independently of their stellar masses and redshift. ii) Fixed metallicity values. All the quiescent galaxies have a constant solar metallicity. iii) Closed-box enrichment of metals. We assume a continuous enrichment of metals in the interstellar medium (ISM) of galaxies. For addressing this assumption, the young component in the mixture of the two SSP models of MUFFIT has to be more rich in metals than the one of the old component. iv) Constant metallicity during the assembly of the galaxy. For this case, the metallicity of the young and old components in the mixture of SSPs is the same. v) Infall of metal-poor cold gas from the cosmic web. There is a continuous infall of cold gas from the cosmic web, which is more poor in metals than the one in the ISM. Consequently, the young component in the mixture of SSPs is more metal poor than the old component. vi) Stellar population predictions assuming a constant and lowredshift MZR. At any redshift, we assume that quiescent galaxies exhibit a metallicity equal to the observed one in the present day Universe, determined by the MZR as a function of the stellar mass. This test is only performed for EMILES with BaSTI isochrones.
Note that just for cases (i), (ii), and (vi) these constraints were only applied for the quiescent galaxies explored in Sect. 4, where a new selection process of quiescent galaxies via MCDE was not carried out. Otherwise, the SFH constraints may be too severe. After studying the impact of these constraints on the SFH, we shed interesting results:
• The main qualitative insights obtained in Sect. 4 remain unaltered after setting the SFH constraints presented above, that is, the evolution of quiescent galaxies is not compatible with a passive evolution and there is a continuous decrease in metallicity (mass-weighted) since z ∼ 1.
• Different SFH constraints can introduce non-negligible systematics that produce quantitative alterations of the values of age, metallicity, and extinction of quiescent galaxies.
• The constraints on the SFH are a source of (quantitative) uncertainties that can have a larger impact than the proper uncertainties during the determination of the stellar population parameters in multi-filter surveys as ALHAMBRA.
A global view on the evolution of quiescent galaxies since z ∼ 1
The PDFs of mass-weighted ages, metallicities and extinctions of quiescent galaxies since z ∼ 1 constrain in an unprecedented way the evolution of these objects during the last 8 Gyr.
Thanks to the statistical deconvolution of uncertainty effects (MLE method, details in Appendix A) and to the large and complete in mass set of quiescent galaxies involved in this work (∼ 8 500 galaxies), it has been possible to explore the evolution of quiescent galaxies as a whole. In particular, the intrinsic dispersions of the PDFs constitute new observables for constraining how these galaxies have evolved during the last 8 Gyr.
On the ages of quiescent galaxies
Quiescent galaxies exhibit the older ages at any cosmic time. On average, the more massive the quiescent galaxy, the older its stellar content. Therefore, this suggests that the most massive quiescent galaxies were the first galaxies in the Universe that built-up their stellar content. Depending on the SSP models used in this paper, the formation epochs of the most massive and earliest quiescent galaxies (log 10 M ⋆ ≥ 11.2; z ∼ 1) vary in the range z f ∼ 4.5-6, i.e., when the Universe was 1-1.5 Gyr old. Quiescent galaxies with lower stellar masses (log 10 M ⋆ < 10.5) exhibit more recent formation epochs, down to z f 1.5. This result is in agreement with the "downsizing" scenario.
An interesting aspect, core of the goal of this paper, is to understand how these galaxies evolved since z ∼ 1. For a strictly passive evolution scenario, the galaxy age evolution should follow the natural ageing of their stellar populations, hence the redshift at which the stellar mass was assembled, or the formation epoch, should not present any variation with time (z f constant). However, this work reveals evidence pointing out that the age evolution of quiescent galaxies departs from passiveness, showing on average a milder ageing. This conclusion is obtained even assuming different constraints on the SFHs during the MUFFIT analysis (Sect. 5).
To reconcile the observation, three different scenarios or mechanisms are proposed: i) Mergers. Mergers are an efficient mechanism to include new (ex-situ) stars from less massive systems (see e. g. 10.1 ≤ log 10 M⋆ < 10.5 10.5 ≤ log 10 M⋆ < 10.9 10.9 ≤ log 10 M⋆ < 11.3 log 10 M⋆ ≥ 11.3 Fig. 8 . As Fig. 5 , but for the extinction PDFs of quiescent galaxies. Skelton et al. 2012; Ferreras et al. 2014) . Less massive systems are expected to contain younger stellar populations due to the age-mass relation, and in qualitative agreement with the "downsizing" scenario, hence being potential contributors to slowing down the ageing of quiescent galaxies. For this case, the number of mergers involving the quiescent galaxy population is key to discern whether this mechanism can match the observed non-passive evolution. ii) Remnants of star formation or "frosting" (term firstly introduced by Trager et al. 2000) . The inclusion of new (in-situ) stars may also explain why these galaxies do not evolve passively ( Since the non-passive evolution of quiescent galaxies is observed at all the stellar mass ranges under study in this work, "frosting" is needed to affect the whole quiescent population to be a reliable mechanism. iii) The "progenitor" bias. Motivated by the generalized increase in number of quiescent galaxies since z ∼ 1 (more prominent at decreasing stellar masses), galaxies included in the quiescent phase later would contain younger stellar populations, which is another potential scenario (e.g. van Dokkum & Franx 2001; Valentinuzzi et al. 2010; Carollo et al. 2013; Belli et al. 2015) . This would also explain why the median ages of quiescent galaxies vary in disagreement with passiveness.
Moreover, the three above scenarios can potentially contribute to modify the width of the mass-weighted age PDF of quiescent galaxies, which in this work is observed to increase with cosmic time and represents an additional hint for the variation of their stellar content. In fact, a unique mechanism would not be able to produce all the changes revealed in this work, but rather a simultaneous combination of merger, "frosting" and the "progenitor" bias effects may be the responsible driver of the evolution of the quiescent galaxy population.
On the metallicities of quiescent galaxies
In this work, quiescent galaxies are generally found to be metal rich, with metallicities around solar and super-solar values, except for the low redshift and less massive quiescent galaxies that exhibit sub-solar metallicities. Both the results derived from BC03 and EMILES SSP models support the galaxy massmetallicity relation (at increasing stellar mass, quiescent galaxies present larger metallicities), that seems to be present since early times (at least since z ∼ 1), with hints of being steeper at lower redshifts. In addition, this work reveals evidence for a slight decrease of the median of the metallicity PDF (0.1-0.2 dex) of quiescent galaxies since z ∼ 0.6-1.1 (BC03 and EMILES respectively), which is obtained under most SFHs assumed in this work and constitutes one of the most striking results of this work. Both a steeper MZR at larger cosmic times and the continuous decrease of the median metallicity with time support that quiescent galaxies are continuously modifying their stellar contents, and asses on the potential evolutive pathways that these galaxies should undergo to reconcile the observed trends. In particular, regarding the three scenarios proposed above (see references in Sect. 6.1): i) Mergers with less massive systems can contribute to the observed variation of the global metallicity, as less massive systems host stellar populations less metal rich than the principal galaxy in the pair (more massive) owing to the stellar mass-metallicity relation. Again, the number of mergers would determine whether this mechanism can alter the median of the mass-weighted metallicity PDF of quiescent galaxies since z ∼ 1. ii) A priori, "frosting" would not explain a decrease of the global metallicity in a monolithic collapse. However, in the chemo-evolutionary population synthesis model by Vazdekis et al. (1996, no interchange of any matter with the neighbourhood, or closed-box model), when the main processes of star formation in a galaxy are very efficient (specially at high IMF slopes), at certain time the global metallicity of the galaxy starts to decrease. Owing to the efficient star formation, the available gas decreases very rapidly and the enrichment of metals quickly asymptotes to the net yield. Then, all the available gas mostly comes from the oldest and numerous low-metallicity stars, which is less processed, producing new stellar populations that can reduce the metallicity around 0.2 dex at ∼ 10 Gyr after the initial star formation for a Salpeter-like IMF (for bottom heavy IMFs, the effect is even more significant). iii) The increasing number of quiescent galaxies since z ∼ 1 is more remarkable at lower stellar masses, and therefore, the "progenitor" bias can play an important role in the decrease of the median metallicity specially at lower stellar masses, where the median metallicity shows more prominent changes.
Moreover, the widths of the mass-weighted metallicity PDFs will suffer modifications as a result of mergers, "frosting", and the "progenitor" bias. For quiescent galaxies more massive than log 10 M ⋆ = 10.8 and EMILES SSP models, the width of the mass-weighted metallicity PDF increases with cosmic time, whereas for the rest of cases the width decreases (EMILES at log 10 M ⋆ < 10.8, and BC03 SSP models for all the stellar mass ranges).
Extinctions of quiescent galaxies
The extinction values of quiescent galaxies derived in this research are well constrained below A V < 0.6, with median values in the range A V = 0.15-0.3. However, they do not present large variations with cosmic time. For BC03 SSP models, there is a slight dependence with stellar mass and redshift, in the sense that the most massive quiescent galaxies also present the largest extinctions, and these ones increase at lower redshifts. However, such extinction dependencies are almost negligible using EMILES models, which drive to roughly constant values (A V ∼ 0.2).
Mergers between quiescent and star-forming galaxies (the latter with larger extinctions, specially in the most recent star forming regions) will increase the overall extinction of the resulting galaxy. The orbits in the merger, as well as the distribution of dust regions in the progenitor galaxies would drive how the global extinction of the final galaxy is affected.
Since star-forming galaxies are typically more reddened by dust than quiescent ones, the "progenitor" bias may contribute to A&A proofs: manuscript no. ms change the median of the extinction PDF. As the mechanism responsible for shutting down the star formation is still unknown, the typical extinction values of galaxies quenching their star formation are also unknown. In fact, the evolution of extinction inside star forming galaxies is unclear, and the quenching mechanism can also be tightly related with extinction (e. g. sudden removal of gas, "strangulation", heating of galaxy's gas by AGN, Silk & Rees 1998; Balogh et al. 2000; Dekel & Birnboim 2006; Hopkins et al. 2006; Nandra et al. 2007; Bundy et al. 2008; Di Matteo et al. 2008; Diamond-Stanic et al. 2012; Peng et al. 2015) .
Concerning "frosting", we would not expect that low levels of in-situ star formation can alter typical extinction values in quiescent galaxies, which are expected to have low reserves of available gas and where current star formation processes are not significant yet.
Finally, we think that it is hardly possible that a unique scenario is able to alter all the observables treated in this work (number densities, medians and widths of PDFs), but rather a simultaneous contribution of them. In a forthcoming paper, (Díaz-García et al., in prep.), we shed light on the contribution of each of these mechanisms on the evolution of the quiescent galaxy population.
Comparison with previous studies
Although the galaxy evolution of quiescent galaxies has been addressed in the past, it was mainly performed through spectroscopic techniques. Actually, previous studies at intermediate redshift were mainly carried out by stacked spectra, where the intrinsic dispersion in the distributions of stellar population parameters cannot be explored. In addition, stellar metallicities derived from spectra of galaxies at z ∼ 1 carry a significant amount of uncertainty. For the first time, we explore the evolution of the quiescent population only using photometric data to determine PDFs of age, metallicity, and extinction since z ∼ 1. Therefore, and whenever possible, the ages and metallicities of quiescent galaxies from previous studies (see Table 6 ) are compared with ours at different stellar mass and redshift ranges. In Table 6 , we gather the main characteristics of several previous work to compare with the results achieved in this paper.
• Spectroscopic ages and metallicities of field RS galaxies at z ∼ 0.9 from the DEEP2 galaxy survey (Davis et al. 2003) were retrieved by Schiavon et al. (2006) . The ages and metallicities in that paper were derived from the absorption line strengths Hδ F and Fe4383, using Schiavon (2007) Schiavon et al. (2006) is that the ages of RS galaxies at z ∼ 0.9 are not compatible with a passive evolution, after comparing them with the low-redshift SDSS counterpart (spectroscopic catalogue of Eisenstein et al. 2003) . In particular in their work, RS galaxies at z ∼ 0.9 present luminosity-weighted SSP ages of ∼ 1.2 and 1.7 Gyr, the latter for SSP models of [α/Fe] = +0.4. These are significantly younger than the ones obtained by MUFFIT for the ALHAMBRA quiescent galaxies (see Fig. 9 , massweighted ages of 4.5 and 5 Gyr for BC03 and EMILES, respectively). To explain qualitatively these differences, we must take into account that luminosity-weighted ages are systematically younger than mass-weighted ones, and the fact that the use of one SSP leads to ages younger than the ones derived from the mixture of two or several SSPs, as in our work. Regarding metallicities, there is a reasonable agreement between the iron abundances obtained by Schiavon et al. (2006) ([Fe/H] = 0.0 − −0.3 dex) and the ones by MUFFIT (0.12, 0.13, −0.04 dex for BC03, BaSTI, and Padova00). The stellar populations of the control sample of SDSS RS galaxies (z ∼ 0.15) obtained by Schiavon et al. (2006) range 3-5 Gyr and present super-solar metallicities, whereas assuming a passive evolution this value should be ∼ 6 Gyr. The non-passive evolution of RS galaxies reported by Schiavon et al. (2006) is in perfect agreement with our results. In particular, Schiavon et al. (2006) concluded that it is necessary the inclusion of young/intermediate-age stars in RS galaxies in order to explain the evolution in age in this kind of galaxies by at least two scenarios: the so-called "frosting" models (e. g. Trager et al. 2000) , with remains of in-situ star formation; and the "progenitor" bias or "quenching" models, by the incorporation of new galaxies to the quiescent population later on (e. g. Bell et al. 2004; Faber et al. 2007 ).
• Ferreras et al. (2009c) used low-resolution slitless grism optical spectra from HST/ACS to constrain the stellar populations of a sample of 228 visually-selected ETGs in the GOODS fields. This work covered a wide mass range (9 < log 10 M ⋆ < 12) of ETGs at intermediate redshift (0.4 < z < 1.3). Ages and metallicities were determined following a standard likelihood method fit to the low-resolution spectra using various composite models of stellar populations (e. g. SSPs, two-burst models, or chemical enrichment models using the Charlot & Bruzual SSP models, Bruzual 2007). Overall, the authors showed a strong correlation between stellar age and mass at intermediate redshift, where the age spread was roughly constant and around ∼ 1 Gyr. Ferreras et al. (2009c) also divided their morphologically selected sample into red and blue galaxies. On the other hand, Moresco et al. (2013) shown that ∼ 90 % of red ETGs are galaxies with SFRs proper of the quiescent galaxy population, indicating a potential connection between ETGs and quiescent galaxies. We selected all the red ETGs at 0.4 < z < 1.3 and 10.6 < log 10 M ⋆ < 11.4 to create a representative sample to compare with our predictions (see orange crosses in Fig. 9 ). Red ETGs exhibit ages close to a passive evolution, hence showing a better agreement with our predictions using EMILES+BaSTI SSP models and larger discrepancies with the BC03 ones. Regarding metallicities, Ferreras et al. (2009c) present more metal-poor populations than our predictions, as expected from the use of a chemical enrichment model of stellar populations in comparison with other composite models (e. g. τ-models or two burst models; in any case compatible with a χ 2 ∼ 1 for all the composite models, see Ferreras et al. 2009c) . However, given the number of sources and typical uncertainties, we cannot state a clear decrease in metallicity at 0.4 < z < 1.3.
• Sánchez-Blázquez et al. (2009b) stacked 215 spectra of RS galaxies belonging to 24 cluster and group environments at 0.4 < z < 0.8 from the ESO Distant Cluster Survey. These spectra were divided into three redshift bins (z = 0.45, 0.55, and 0.75) and two velocity dispersion ranges (σ < 175 km s ) to retrieve ages and metallicities by a multiple fit of the Lick indices Fe4383, CN2, Hδ A , and Hγ F . The authors found that quiescent galaxies have older ages at lower redshifts (see top panels in Fig. 9 ), which were compatible with a passive evolution at 1 σ uncertainty level (formation redshift z f > 1.4). Interestingly, the most massive galaxies in Sánchez-Blázquez et al. (2009b) exhibit hints for a decrease in metallicity with decreasing redshift, Table 6 . Brief description of previous studies trying to constrain the stellar population parameters of quiescent galaxies at intermediate redshift. which would be in qualitative agreement with our results. For less massive systems, they showed neither age nor metallicity evolution within the errors. Overall, they concluded that massive red galaxies are compatible with a passive evolution, whereas the low mass systems of the sample either need a continuous level of star formation to maintain a constant age or the RS is in a continuous build-up adding new and younger stars. Nevertheless, RS galaxies in Sánchez-Blázquez et al. (2009b) can be affected by dense environment effects (e. g. Sánchez-Blázquez et al. 2003; Eisenstein et al. 2003; Thomas et al. 2005; Trager et al. 2008; Thomas et al. 2010) , since the properties of cluster galaxies may slightly differ to those of field galaxies.
References
• Choi et al. (2014) analysed the stellar populations of quiescent galaxies up to z < 0.7. The spectroscopic data were obtained from the AGN and Galaxy Evolution Survey (AGES, Kochanek et al. 2012 , a fixed diameter aperture of 1 ′′ . 5). From a parent sample of 2 400 quiescent galaxies, they computed SSP equivalent ages and abundances of elements through a full SED-fitting of continuum-normalised stacked spectra. Their results show that quiescent galaxies are older at lower redshifts, and, at fixed redshift the most massive ones are older. Choi et al. (2014) proposed that quiescent galaxies present little modifications in their ages since z < 0.7 due to a composed passive evolution. Regarding [Fe/H], unlike our predictions, the authors do not clearly retrieve either the MZR at lower redshifts or a metallicity evolution with redshift. In addition, they state that the metallicity can be potentially affected by aperture effects (an excess of 0.1 dex at the lowest redshifts). In fact, the metallicity decrease reported in our work is 0.15 dex since z = 0.7, that is, this is very mild and in the order of the aperture bias embedded in Choi et al. (2014) . Therefore, we do not consider their metallicity estimations can be compatible with ours, which include a dynamic aperture to collect the total flux of galaxies (specially relevant at the lowest redshifts).
• Another work dealing with stellar populations of quiescent galaxies within the redshift range of our work is Gallazzi et al. (2014) . In that paper, the authors explored the stellar content of 33 quiescent galaxies at z ∼ 0.7 with stel- ) absorption features, and a Monte Carlo library of models built from BC03 SSP models and various SFHs (same metallicity in the SFH of each model). Gallazzi et al. (2014) found out that the age-stellar mass relation is also present for quiescent galaxies at z ∼ 0.7. Furthermore, the ages were non-compatible with a simple passive evolution because they are ∼ 2 Gyr lower than those obtained with a similar methodology in the low-redshift SDSS counterpart (Gallazzi et al. 2005 ). This strongly favours our conclusions in this aspect: not only quiescent galaxies are older at larger cosmic times, but the ageing that they would suffer with respect to a complete passive scenario is delayed too. Moreover, they obtained that the age-stellar mass correlation is also compatible with the one retrieved for quiescent galaxies in SDSS. The authors found that there is a relation between metallicity and stellar mass at z ∼ 0.7 as well, but this one is slightly lower than the obtained for the present day Universe (∼ 0.04 dex from Gallazzi et al. 2005) , which would suggest an enrichment of metals in quiescent populations. In addition, the relation between metallicity and stellar mass at z ∼ 0.7 is slightly lower (0.11 ± 0.1 dex) in comparison to the low-redshift one (0.15 ± 0.003 dex), but it is compatible with no evolution within the uncertainties. However, the combination of different photometric apertures and the existence of metallicity gradients has an impact on the Gallazzi et al. (2005) metallicities, which may affect the conclusions about the evolution of metallicity in Gallazzi et al. (2014) . Gallazzi et al. (2005) estimated than the SDSS aperture effects that typical metallicity gradients can lead to a metallicity excess of ∼ 0.15-0.2 dex for log 10 M ⋆ 10 at low redshift. If confirmed, this would make that the metallicity of quiescent galaxies lie on slightly lower metallicities, being more similar to ours. Age gradients are generally shallower than the metallicity ones (Wu et al. 10.4 ≤ log 10 M⋆ < 10.8 10.8 ≤ log 10 M ⋆ < 11.2 log 10 M⋆ ≥ 11.2 Schiavon et al. 2006 Ferreras et al. 2009c Sánchez-Blázquez et al. 2009 Choi et al. 2014 Gallazzi et al. 2014 Belli et al. 2015 Peng et al. 2015 Fumagalli et al. 2016 BC03 Fumagalli et al. 2016 C3K Fumagalli et al. 2016 0 Comparison of ages (top panels) and metallicities (bottom panels) of quiescent galaxies from several work (details in the text, see legend for references) and our results from ALHAMBRA at the redshift range 0 < z < 1.2. From left to right, the median mass-weighted ages and metallicities retrieved using MUFFIT and BC03, EMILES with BaSTI and Padova00 isochrones (solid lines), respectively. The ages and metallicities retrieved from other work are colour coded in concordance with their proximity to the stellar mass bins of our quiescent sample (see inset). Dotted line shows the Universe age.
Eigenthaler & Zeilinger 2013), and therefore, it is not expected a large impact on age due to aperture effects. Notice that in Fig. 9 the mass-weighted age predictions of MUF-FIT+BC03 are in very good agreement with those provided by Gallazzi et al. (2014, also BC03 models) . However, we obtain larger super-solar metallicities of ∆[Fe/H] ∼ 0.1 dex. For EMILES models (Fig. 9) , the ages provided by MUFFIT are ∼ 1.5 Gyr older. For BaSTI isochrones the agreement with metallicity is remarkable, specially at the highest stellar mass bin.
• From Keck LRIS spectra and photometric data, the stellar population parameters of 51 quiescent galaxies at 1 < z < 1.6 were retrieved by Belli et al. (2015) . They estimated ages, metallicities, and extinctions of each galaxy via SED-fitting techniques by the Bayesian code pyspecfit (Newman et al. 2014 ) and BC03 τ-models (metallicity fixed around solar values). At 1.0 < z < 1.12, there are 12 galaxies (with median stellar mass of log 10 M ⋆ ∼ 11.1) overlapping with the redshift upper-limit of our sample, whose median stellar populations allow us to compare with our massive galaxies at the redshift upper-limit z ∼ 1.1 (see Fig. 9 ). For these 12 massive quiescent galaxies, the median age, metallicity, and extinction are 2.3 Gyr, −0.1 dex, and 0.36, respectively. At the redshift upper-limit, MUFFIT retrieved that massive quiescent galaxies in the range 10.8 ≤ log 10 M ⋆ < 11.2 exhibit ∼ 4.2 Gyr of age, metallicities [Fe/H] = −0.05, 0.0, and 0.18 dex (BC03, EMILES+Padova00, and EMILES+BaSTI, respectively), and extinctions of A V ∼ 0.2. The discrepancies in age and extinction with Belli et al. (2015) can be partly explained by the assumption of metallicities around solar values. From the results obtained in Sect. 5, this assumption alters the stellar population parameters getting younger ages and larger extinction values at z ∼ 1.1, which would support our stellar population predictions.
• Aimed at exploring the mechanisms responsible for quenching galaxies, Peng et al. (2015) studied both the metallicityand age-stellar mass relations at low redshift. These relations were derived for galaxies from SDSS at 0.05 ≤ z ≤ 0.085 making distinction between quiescent and starforming galaxies. The quiescent sample was composed of 22 618 galaxy spectra (signal-to-noise ratios larger than 20 per spectral pixel), where ages and metallicities were taken from Gallazzi et al. (2005) . Therefore, we may expect aperture effects on metallicities. After comparing the age estimations provided by MUFFIT and BC03 (EMILES+BaSTI) SSP models with the Peng et al. (2015) ones, the latter are ∼ 1.5 Gyr older (younger) with a similar correlation agestellar mass for log 10 M ⋆ ≥ 10 (Fig. 9) . In Fig. 9 , the EMILES+Padova00 age-stellar mass relation is steeper, but the range of ages for quiescent galaxies is qualitatively the same than the provided by Peng et al. (2015) . Regarding metallicity, there is a shift of ∼ −0.2 dex between our BC03 and EMILES+BaSTI values and the provided by Peng et al. (2015) . For the Padova00 ones, with the lowest metallicity values, this shift is even larger (∆[Fe/H] ∼ −0.3 dex). Although if we account for the aperture effects (0.15-0.2 dex, Gallazzi et al. 2005 ), these differences are much relaxed and the metallicity predictions provided by MUFFIT and AL-HAMBRA for quiescent galaxies successfully agree with those by Peng et al. (2015) .
• Making use of spectroscopic data from the 3D-HST survey, Fumagalli et al. (2016) estimated the ages of quiescent galaxies at 0.5 < z < 2.0. They used 248 spectra of quiescent galaxies defining their quiescent sample using a rest-frame UV J-diagram, although without extinction corrections. Only the most massive galaxies (log 10 M ⋆ > 10.8) were selected in order to stack all the spectra in three redshift bins. The age estimation was performed for every normalised stack focusing the analysis on the absorption spectral lines (forcing solar metallicities) by 3 SSP model sets: BC03, FSPS10 (Conroy & Gunn 2010) , and C3K (Conroy, Kurucz, Cargile, & Castelli, in prep.) . As a result, the ages of quiescent galaxies present a large spread in age due to the use of different model sets, although they are usually below half of the age of the Universe in the explored redshift ranges. Our analysis at the same redshift ranges yields older mass-weighted ages. It is remarkable that the extrapolation at z = 1.25 of the mass-weighted ages (BC03 and EMILES) also match with the ages derived by Fumagalli et al. (2016) and BC03 models. As we studied in Sect. 5, the solar metallicity constraint imposed by Fumagalli et al. (2016) can produce systematics in the retrieved ages that yields a passive evolution of the stellar content.
• Using a subset of 3 991 quiescent galaxies from VIMOS Public Extragalactic Survey (VIPERS, Guzzo et al. 2014) , the work by Siudek et al. (2017) constrained their evolution and SFHs at 0.4 < z < 1.0. The authors obtained via stacking spectra that the low mass quiescent galaxies always present lower D4000 and higher Hδ A indices (i. e. younger populations) as compared to the more massive ones in the whole redshift range (0.4 < z < 1.0). This mainly implies a tight correlation between the age and stellar mass in quiescent galaxies up to z ∼ 1.0, in agreement with our results and the "downsizing" scenario. In addition, they also found that the formation epochs of quiescent galaxies vary depending on the redshift in which quiescent galaxies are observed. In agreement with our results (further details in Sect. 4), the larger the redshift of these galaxies, the earlier their formation epochs.
In summary, there is a general consensus since z ∼ 1, in good agreement with our results, in which quiescent galaxies get older with cosmic time independently of their stellar masses. In addition, the "downsizing" scenario is well reproduced by several of the studies in this section, as well as the results obtained by MUFFIT using the ALHAMBRA dataset and different sets of SSP models (BC03 and EMILES). Despite the good agreement amongst studies, there is large spread on the age values that are strongly related to the use of different techniques, stellar population models, and SFH assumptions. Concerning metallicities, there are less estimations and with larger uncertainties, but most results point out that quiescent galaxies have around solar and super-solar metallicities (the more metal-rich ones are also the most massive), with hints for the MZR being in place since earlier epochs. The difficulty to disentangle the evolution with redshift of the metal content in quiescent galaxies comes, primarily, by the fact that for these galaxies it is expected to be mild (∼ 0.1 dex) during the last 8 Gyr, provided that most of their star formation seemed to happen at high redshifts. In addition, measuring a precise metallicity evolution through spectroscopic data has technical limitations, like (i) the need of high signalto-noise ratio spectra at high redshifts, (ii) the existence of large data sets of galaxies along redshift, and (iii) the fact that the reference metallicity at low redshift is based on SDSS data, which may be affected by aperture bias. We think that the combination of MUFFIT and the ALHAMBRA data provides unique advantages: we are not affected by the aperture bias and there is a large number of galaxies to fully populate the different bins in redshift and stellar mass. Furthermore, an homogeneous analysis all over the redshift range allows us to be sensitive to these little variations and perform a statistical analysis of the sample properly.
Summary and conclusions
By means of the catalogue of galaxies published by Díaz-García et al. (2017) , we select all the galaxies classified as quiescent by the dust-corrected stellar mass-colour diagram (MCDE). This catalogue is complete in stellar mass and in magnitude down to I = 23 and it contains ∼ 8 500 quiescent galaxies with stellar population properties obtained at redshift 0.1 ≤ z ≤ 1.1. This catalogue provides stellar population parameters such as: mass-and luminosity-weighted ages and metallicities, stellar masses, extinctions, photo-z, rest-frame luminosities, colours corrected for extinction, and uncertainties of the parameters. These parameters were computed through the multi-filter fitting tool for stellar population diagnostics MUFFIT (Díaz-García et al. 2015) , only using the photometric data from the ALHAMBRA survey, and the SSP models of Bruzual & Charlot (2003) and EMILES (including the two sets of isochrones of BaSTI and Padova00).
We explore the comoving number density of quiescent galaxies at 0.1 ≤ z ≤ 1.1 and we find an increasing number of quiescent galaxies from high redshift to the present time. The evolution of the number densities is well reproduced by a powerlaw function (as proposed by Moustakas et al. 2013) . Moreover, the increasing number density for less massive galaxies is more striking than for the most massive ones (∼ 52 % and 12 % fraction between z = 0.4 and z = 0.2 for 10 ≤ log 10 M ⋆ < 10.4 and log 10 M ⋆ ≥ 11.2, respectively). The above numbers agree within a "downsizing" picture in which less massive galaxies were formed in more recent epochs than the massive ones.
Finally, we studied the evolution of the stellar population parameters of quiescent galaxies since z = 1.1 based on the results provided by MUFFIT and ALHAMBRA photometry. We construct, for the first time, the probability distribution functions (PDF) of mass-weighted age/formation epoch, metallicity, and extinction during the last 8 Gyr, using a maximum likelihood estimator in order to deconvolve the uncertainty effects from these distributions and to parametrize them as a function of redshift and stellar mass. This allows us to determine the evolution of the typical parameters (age, metallicity, and extinction), as well as to explore the intrinsic dispersions of the distributions of parameters. As expected, we find that the PDFs of galaxy properties are strongly dependent on the SSP models used during the diagnostic SED-fitting process (BC03 and EMILES), although we still retrieve very interesting and striking results in common for both model sets:
• Quiescent galaxies are older at larger cosmic times, but these values are not compatible with a simple passive evolution, that is, there must be an incoming of new galaxies from the blue cloud and/or a mechanism including new stars of young and intermediate ages in their stellar populations (e. g. mergers, frosting, infall of cold gas, etc.) that slows down their ageing. In addition, the larger the galaxy mass the older the A&A proofs: manuscript no. ms stellar population at any redshift, supporting the "downsizing" scenario up to z ∼ 1. Regarding the widths of the massweighted age PDFs (intrinsic dispersions), these present values of ω Age M ∼ 1-2 Gyr and a slight correlation with the stellar mass and redshift.
• For BC03 and EMILES SSP models, quiescent galaxies show predominantly solar and super-solar metallicities, except for the low redshift and less massive quiescent galaxies, which reveal sub-solar metallicities in average. Furthermore, the galaxy mass-metallicity relation seems to be present since earlier times, with hints of being steeper at lower redshifts.
• We find evidence for a decrease of the median of the metallicity PDF of quiescent galaxies since z ∼ 0.6-1.1, depending on the SSP models (BC03 and EMILES, respectively). This decrement amounts to 0.1-0.2 dex and it is consistently recovered irrespective of the SSP models and isochrones employed during the analysis. At decreasing stellar masses the range of mass-weighted metallicities increases, and therefore, there is a dependence of the width of this PDF with stellar mass. The width of the mass-weighted metallicity PDF also depends on redshift, being broader at larger redshifts.
• All the quiescent galaxies present extinction values below A V < 0.6, with median values in the range A V = 0.15-0.3. For BC03 SSP models, there is a dependence with stellar mass and redshift, in the sense that more massive galaxies also present larger extinctions by dust and the extinction increases at lower redshifts. However for EMILES SSP models, all the quiescent galaxies exhibit extinction values of A V ∼ 0.2 independently of the stellar mass or redshift bins explored. As in the metallicity case, the width of the extinction PDF becomes larger at higher redshifts, i. e. a lower spread of extinction values in the present day Universe, specially in the more massive galaxies.
The consistency of these results is studied imposing different constraints on the SFH of the models as well, such as constant extinction, constant solar metallicity, a closed-box enrichment of metals, infall of metal-poor cold gas, and more. Furthermore, we determine the systematic effects and the modifications of the stellar population predictions as a result of these constraints. In some cases, these ones can alter well studied relations as the MZR or the "downsizing" scenario. Moreover, the use of different SSP model sets and/or SFH assumptions also reveals that population synthesis models can introduce systematics that can be even larger than the uncertainties involved in the determination of the proper stellar population properties, but without altering the conclusions of this work. All the results are compared with the ones obtained from previous studies, including spectroscopic data and different analysis techniques (e. g. Lick indices), providing a good agreement with many of the conclusions and aspects treated in this work. The decrease in metallicity since high redshift up to the present time obtained for quiescent galaxies in this work cannot be assessed from current spectroscopic work as metallicity uncertainties are typically very large and, in addition, aperture effects can drive the spectroscopic results obtained for SDSS data.
In the light of our results, we find essential and observationally justified the inclusion of scenarios such as mergers, "progenitor" bias and/or "frosting" (remnants of star formation) to reconcile the observed trends with. We propose that the quiescent population must undergo an evolutive pathway including these scenarios, where each one can play a role that depends on stellar mass and redshift. Histograms of stellar-population parameters (thin line, derived using BC03 SSP models) of the 1480 quiescent galaxies with stellar mass 10.8 ≤ log 10 M ⋆ < 11.2 dex and at redshift 0.7 ≤ z < 0.9. From top to bottom, mass-weighted age, mass-weighted metallicity, and extinction. The dashed line is the distribution fit, whereas the orange solid line is the parameter distributions after applying the MLE method to remove uncertainty effects (further details in the text). The star-shape marker and the solid black line illustrate the median and the 1 σ width of the distributions, respectively. All the curves were normalised to the fitted number density (see Sect. 3 and Table 2 ).
removing observational errors), supporting our initial assumption. After running the MLE, we rebuild the probability function of ages, metallicities and extinctions (solid line in Fig. A.1 ), in which we deconvolved the noise effects of the observed distributions. As expected, the main effect of observational errors is the increment of the width of the distributions, but also there exist slight shifts in their medians. The parameters µ and σ . From top to bottom, correlations between µ and σ int for age, metallicity, and extinction of the 1480 quiescent galaxies with stellar mass 10.8 ≤ log 10 M ⋆ < 11.2 dex and at redshift 0.7 ≤ z < 0.9 (see also Fig. A.1 ). Redder colours are related to higher densities, whereas bluer ones to lower densities. As we simultaneously analyse the distribution of stellar population parameters of quiescent galaxies using three sets of SSP models (BC03 and Emiles with both BaSTI and Padova00 isochrones), we applied the MLE method for the three cases. In addition, we provide uncertainties for the involved parameters that determine the PDFs, µ and σ int , of stellar population properties by the retrieved Markov chains. The formation epoch, age, metallicity and extinction PDFs for the ALHAMBRA quiescent galaxies are presented in Appendix A.1, Appendix A.2, and Appendix A.3 for BC03, EMILES+BaSTI isochrones, and EMILES+Padova00 isochrones SSP models, respectively. For the analysis of these distributions, we refer readers to Sect. 4. Appendix A.1: Stellar-population PDFs of the ALHAMBRA quiescent galaxies: BC03 SSP models
For BC03 SSP models, we adopted a linear dependence of µ(z) and σ int (z) for ages and extinctions (i. e. µ 2 = σ 2 = 0) and a quadratic one for metallicity. Notice that the dependence with stellar mass was treated carrying out the MLE method at different stellar mass ranges in which our sample is complete. Only for the mass range 10.0 ≤ log 10 M ⋆ < 10.4 and the metallicity case, we impose σ 2 = 0 because a linear dependence of σ int (z) is enough for this case, and it helps to limit the degrees of freedom in the maximization of Eq. (A.1). In order to check the feasibility of these assumptions, we compare the µ(z) and σ int (z) curves obtained after carrying out the MLE method, in the redshift range in which the sample is complete, with those values obtained after setting µ 2 = µ 1 = σ 2 = σ 1 = 0 in narrower redshift bins of ∆z = 0.2 (i. e. the average µ(z) and σ int (z) in narrow enough redshift bins). As a result, we observe that the linear and quadratic assumptions are fairly suitable in each case (see Fig A. 3). All the parameters and uncertainties obtained after the maximization of Eq. (A.1), and that are necessary to build the stellar population PDFs (Eqs. (A.2)-(A.4)) retrieved using BC03 SSP models, are provided in Tables A.1-A.4. The parameters to compute the number densities for the PDF normalization at any redshift are in Table 2 (details in Sect. 3). It is worth mentioning that for higher redshifts than the limits of our sample, these parameters are extrapolations of our quiescent sample and its reliability may be questionable. Indeed, we cannot confirm whether a linear or quadratic functional form of µ(z) and σ int (z) is still reliable further than the limits of the present sample.
Owing to the low number of galaxies in the stellar mass range 9.6 ≤ log 10 M ⋆ < 10.0, the reliability of the results provided by the MLE method detailed above is compromised, and therefore, we do not provide their redshift-dependent PDF parameters. Although we set reference values of their average medians and widths in the redshift bin 0.1 ≤ z < 0.3 carrying out the MLE method with µ 2 = µ 1 = σ 2 = σ 1 = 0 (see values in Tables 3-5 ). In addition, below 0.1 ≤ z < 0.2 and log 10 M ⋆ ≥ 11.2, the assumption of linearity for σ int (z) in the extinction case is mathematically motivated, but physically it is too strict because it rapidly converges to σ int (z = 0.1) ∼ 0.0. Actually our sample σ int (z) and µ(z) extinction converge to a constant value further than z < 0.2. Consequently, only for quiescent galaxies at 0.1 ≤ z < 0.2 and log 10 M ⋆ ≥ 11.2, we impose σ int (0.1 ≤ z < 0.2) = σ int (z = 0.2) = 0.14 ± 0.03 and µ(0.1 ≤ z < 0.2) = µ(z = 0.2) = −1.30 ± 0.07. Notice that for the lowest extinction values in Eq. (A.4) (A V ∼ 0), the probability might be underestimated because the log-normal function falls to zero at this regime of values. Appendix A.2: Stellar-population PDFs of the ALHAMBRA quiescent galaxies: EMILES and BaSTI isochrones
For EMILES SSP models and BaSTI theoretical isochrones, we also carried out the MLE methodology with the distributions of age, formation epoch, metallicity and extinction retrieved for the complete in mass sample of quiescent galaxies in ALHAMBRA. Although the trends are qualitatively similar to the obtained in Appendix A.1, there are quantitative discrepancies between both sets of SSP models. For age, formation epoch and extinction distributions, a linear dependence with redshift is assumed for µ(z) and σ int (z), i. e. µ 2 = σ 2 = 0. As in Appendix A.1 and from Fig. A.4 , the assumption of linearity for µ(z) and σ int (z) is supported after comparing with the MLE solutions retrieved when µ2 = µ1 = σ 2 = σ 1 = 0 (see square markers in Fig. A.4 ) at redshift bins of ∆z = 0.2 in the range 0.1 ≤ z ≤ 1.1, that is, in narrow redshift bins in order to split the redshift dependence of µ(z) and σ int (z). Nevertheless, it is remarkable that for BaSTI isochrones, the assumption of a quadratic form for µ(z) and σ int (z) is not further necessary for the metallicity PDF case and we assume a linear dependence with redshift for µ(z) and σ int (z). The parameters and uncertainties obtained after deconvolving the stellar population distributions provided by MUFFIT using EMILES+BaSTI isochrones to build the stellar population PDFs (Eqs. (A.2)-(A.4) ) of quiescent galaxies are provided in Tables A.1-A.4. Again, the normalization of these PDFs must match with the quiescent number densities provided in Sect. 3.
As in the section above, the low number of galaxies with stellar mass 9.7 ≤ log 10 M ⋆ < 10.1 at 0.1 ≤ z ≤ 0.3 made that we removed this bin from the redshift MLE analysis. Instead, we ran it forcing µ2 = µ1 = σ 2 = σ 1 = 0 in order to obtain reference and average values for this stellar mass range. Tables A.1-A.4, along with their uncertainties, in the redshift range 0.1 ≤ z ≤ 1.1. As mentioned above, further than these redshift limits any result is an extrapolation of the results and the linear assumption may be compromised.
For those quiescent galaxies with stellar mass 9.7 ≤ log 10 M ⋆ < 10.1 (restricted by completeness reasons at 0.1 ≤ z ≤ 0.3), we provide reference values for its stellar population PDF assuming µ2 = µ1 = σ 2 = σ 1 = 0 (see Tables A.1 , and extinction (bottom right) PDF parameters µ(z, M ⋆ ) and σ int (z, M ⋆ ) of the quiescent galaxy population at different redshifts using BC03 SSP models. Solid lines illustrate the µ(z, M ⋆ ) and σ int (z, M ⋆ ) fits obtained from the MLE method. Square-shape markers are the average values for these parameters assuming a non-redshift dependence (i. e. µ 2 = µ 1 = σ 2 = σ 1 = 0). Horizontal bars enclose the redshift range in which the averaged values were computed, whereas the vertical ones enclose the 1 σ confidence level. The stellar content of quiescent galaxies since z ∼ 1 Table A .1. Parameters µ(z, M ⋆ ) and σ int (z, M ⋆ ) of the probability distribution functions of luminosity and mass-weighted ages (see Eq. (A.2)), which were derived using BC03, EMILES+BaSTI, and EMILES+Padova00 SSP models, respectively.
